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Abstract
The DD¯∗ interaction via a piψ intermediate state is studied carefully in the isospin I = 1 sector.
By solving the Bethe-Salpeter equation in the unitary coupled-channel approximation, we obtain
the S-wave amplitude as a function of the total energy of the system in the center of mass frame.
A resonance state is generated dynamically in the 3900MeV region, which might correspond to
the Zc(3900) particle. Moreover, the loop function of a vector meson and a pseudoscalar meson is
deduced explicitly in the dimensional regularization scheme and the contribution of the longitudinal
part of the vector meson propagator is taken into account. The initial and final polarization vectors
in the vertex of the vector meson and the pseudoscalar meson are eliminated when the Bethe-
Salpeter equation is solved, and it is certified that the amplitude is still unitary in the calculation.
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I. INTRODUCTION
In the past decade many exotic particles with hidden heavy-quark flavors have been
observed experimentally, and these observations stimulate people’s interests in studying
the properties and structures of these exotic particles theoretically. More information on
the experimental and theoretical research works on this topic can be found in the review
articles of Refs. [1–3]. In 2013, the BESIII Collaboration studied the e+e− → J/ψπ+π−
process, and observed a peak distribution in the J/ψπ± invariant mass spectrum[4], The
mass and decay width of this particle take the values of M = 3899.0 ± 3.6 ± 4.9MeV and
Γ = 46±10±20MeV , respectively. A later analysis on the (DD¯∗)± invariant mass spectrum
in the e+e− → π±(DD¯∗)∓ process supplied a resonance state with mass 3883.9±4.5MeV and
width 24.8 ± 11.5MeV, and the quantum number of this state is determined as IG(JPC) =
1+(1+−) with the angular distribution analysis[5]. In 2015, a neutral structure near the DD¯∗
threshold was observed in the processes of e+e− → π0π0J/ψ and e+e− → (DD¯∗)0π0[6, 7].
The charmonium-like state Zc(3900), observed by BESIII Collaboration in the process
of e+e− → J/ψπ+π−[4] and then confirmed by Belle and CLEO Collaborations through the
same process[8, 9], has inspired more discussions theoretically. Initially Zc(3900) is assumed
to be a tentra-quark state, which consists of a c¯c and a light quark-antiquark pair [10–17].
Since the Zc(3900) particle is close to the DD¯∗ threshold, and it is naturally to be regarded
as a DD¯∗ molecule state[18–35]. Furthermore, some people think that these structures
might come from some kinematical effects, such as the triangle singularities[36, 37], and the
coupled channel cusp effect[38–41]. In Ref. [42], the different scenarios are analysed and
it is concluded that the current data is not precise enough to distinguish between these
hypotheses.
In this work, the interaction Lagrangian of DD¯∗ and πψ in Ref. [35] is adopted, and
then the vertices for the processes of DD¯∗ → DD¯∗ and DD¯∗ → πψ are obtained. In the
unitary coupled-channel approximation, the Bethe-Salpeter equation is solved with a loop
function where the longitudinal part of the vector meson propagator is taken into account.
A resonance state near the DD¯∗ threshold is generated dynamically, and it is assumed to
be associated to the Zc(3900) particle observed experimentally.
This article is organized as follows. The theoretical framework is described in Section II.
The calculation results are presented in Section III. A summary is given in Section IV, and
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the derivation of the loop function formula related to the longitudinal part of the vector
meson propagator is presented in the appendix part.
II. THEORETICAL FRAMEWORK
the contact DD¯∗ four-point interaction lagrangian takes the following form when the
heavy quark symmetry is considered[35],
L = λ1〈(DD¯∗µ + h.c.)2〉, (1)
where the field operators D and D∗ are the SU(2) isospin doublets,
D =

 D+
D0

 , D∗ =

 D∗+
D∗0

 , (2)
and the symbol 〈...〉 denotes the trace in the SU(2) isospin space.
The interaction Lagrangian related to the D, D∗ J/ψ and π particles can be written as
LDD∗ψpi = λ2∇νψµ〈D¯∗µuνD〉+ λ3ψµ〈∇νD¯∗µuνD〉
+ λ4∇νψµ〈D¯∗νuµD〉+ λ5ψµ〈∇µD¯∗νuνD〉+ h.c. , (3)
where ψµ stands for J/ψ, ∇µ is a covariant derivative operator, and uµ = i(u†∂µu− u∂µu†)
with
u = exp
(
iφ√
2fpi
)
, φ =

 pi0√2 π+
π− − pi0√
2

 , (4)
and the pion decay constant fpi = 93MeV.
The interaction potential between the D and D¯∗ mesons can be obtained from the la-
grangian in Eq. (1),
VDD¯∗→DD¯∗ = λ1Cijε · ε∗, (5)
with ε and ε∗ the polarization vectors of the initial and final vector mesons, respectively.
The coefficients Cij in the different channels are depicted in Table I
According to the isospin, parity and C-parity of the Zc(3900) particle, we can construct
a DD¯∗ pair with isospin I = 1
|DD¯∗, I = 1〉 = 1√
2
(|D+D∗−〉 − |D0D¯∗0〉 − |D¯0D∗0〉+ |D−D∗+〉) , (6)
3
Cij D
+D∗− D0D¯∗0 D¯0D∗0 D−D∗+
D+D∗− −2 −2 −2 −4
D0D¯∗0 −2 −4 −2
D¯0D∗0 −2 −2
D−D∗+ −2
TABLE I: The coefficients Cij in the D and D
∗ meson interaction, Cji = Cij .
where the C-parity is negative and the usual assignment for D ∼ iq¯γ5c and D∗µ ∼ q¯γµc, with
CDC−1 = D† and CD∗µC
−1 = −D∗†µ .
Thus the potential of DD¯∗ → DD¯∗ in the isospin I = 1 sector takes the form of
VDD¯∗→DD¯∗ = −8λ1ε · ε∗. (7)
The interaction potential for the process of D+D∗− → π0ψ is deduced from the La-
grangian in Eq. (3),
VD+D∗−→pi0ψ =
1
fpi
[−λ2(p2 · k2)ε · ε∗ + λ3(p1 · k2)ε · ε∗ − λ4(p2 · ε)(k2 · ε∗) + λ5(p1 · ε∗)(k2 · ε)] ,(8)
where k1 and k2 are the momenta of the initial and final pseudoscalar mesons, and p1 and
p2 are those of the initial and final vector mesons, respectively. Actually, since the zeroth
component of the polarization vectors tends to zero as the three-momentum of the particles
goes to zero, the third and fourth terms in Eq. (8) indeed can be neglected for small kinetic
energies of the particles. Therefore, only the first and second terms are taken into account
in the following discussion and calculation.
Similarly, the potential for the process of D−D∗+ → π0ψ is denoted as
VD−D∗+→pi0ψ = VD+D∗−→pi0ψ. (9)
The potential in the processes of D0D¯∗0 → π0ψ and D¯0D∗0 → π0ψ both take the negative
value of the potential of D+D∗− → π0ψ, i.e.,
VD0D¯∗0→pi0ψ = −VD+D∗−→pi0ψ, (10)
and
VD¯0D∗0→pi0ψ = −VD+D∗−→pi0ψ. (11)
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Therefore, in the isospin I = 1 sector, the potential of DD¯∗ → π0ψ can be written as
VDD¯∗→pi0ψ = 2
√
2VD+D∗−→pi0ψ. (12)
It is apparent that the potential of π0ψ → DD¯∗ takes the same form as that in Eq. (12).
Actually, the potentials in Eqs. (7) and (12) only supply interaction vertices when the
Bethe-Salpeter equation is solved, while the out-lines related to the initial and final vector
mesons in the Feynmann diagrams should be cut off. It means that the polarization vectors
of the initial and final vector mesons, ε and ε∗, in Eqs. (7) and (12) should be eliminated
when we try to solve the Bethe-Salpeter equation.
The contact potential of DD¯∗ in Eq. (7) can be written as
VDD¯∗→DD¯∗ = V˜DD¯∗→DD¯∗g
µνεµε
∗
ν , (13)
where
V˜DD¯∗→DD¯∗ = −8λ1. (14)
Similarly, the potential for the process of DD¯∗ → π0ψ in Eq. (12) is denoted as
VDD¯∗→pi0ψ = V˜DD¯∗→pi0ψg
µν εµ ε
∗
ν , (15)
where
V˜DD¯∗→pi0ψ =
2
√
2
fpi
[−λ2(p2 · k2) + λ3(p1 · k2)] , (16)
with p2 · k2 = s−M
2
ψ
−m2pi
2
and p1 · k2 = u−M
2
D¯∗
−m2pi
−2 . The Mandelstam variables s = (p2 + k2)
2
and u = (p2 − k1)2, and in the heavy meson approximation, u ≈ (p02 − k01)2.
In the dimensional regularization, the loop-function in the Bethe-Salpeter equation take
the following form
Gab(s) = i
∫
d4q
(2π)4
1
q2 −M2a + iǫ
1
(P − q)2 −M2b + iǫ
=
1
16π2
{
al(µ) + ln
M2a
µ2
+
M2b −M2a + s
2s
ln
M2b
M2a
+
+
q¯l√
s
[
ln(s− (M2a −M2b ) + 2q¯l
√
s) + ln(s+ (M2a −M2b ) + 2q¯l
√
s) (17)
− ln(−s+ (M2a −M2b ) + 2q¯l
√
s)− ln(−s− (M2a −M2b ) + 2q¯l
√
s)
]}
,
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with the square of the total energy of the system s = P 2 and the three-momentum of the
intermediate particles in the center of mass frame
q¯l =
√
s− (Ma +Mb)2
√
s− (Ma −Mb)2
2
√
s
. (18)
The loop-function in Eq. (17) is used to study the pseudoscalar meson - vec-
tor meson system[43], the vector-vector meson system in the unitary coupled-channel
approximation[44, 45]. Moreover, after the on-shell approximation is considered, this for-
mula is also used in the calculation of the vector meson-baryon scattering amplitude[46–48].
However, the contribution from the longitudinal part of the vector meson propagator is
not considered in the loop function in Eq. (17) when the pseudoscalar meson - vector me-
son interaction is discussed. Here we will take into account the longitudinal propagator of
the vector meson, and then the pseudoscalar meson - vector meson loop function in the
dimensional regularization scheme takes the form of
Gl(s) = i
∫
d4q
(2π)4
−gµν + qµqνM2a
q2 −M2a + iε
1
(P − q)2 −M2b + iε
= −gµν
[
Gab(s) +
1
M2a
H00ab (s)
]
− PµPν
M2a
H11ab (s), (19)
and the meanings of H00ab (s) and H
11
ab (s) can be found in the appendix part. Apparently, the
loop function Gl(s) can be rewritten as
Gl(s) = gµνG˜l(s), (20)
with
G˜l(s) = −
(
Gab(s) +
1
M2a
H00ab (s) +
s
4M2a
H11ab (s)
)
. (21)
Clearly the terms including H00ab (s) and H
11
ab (s) in the loop function in Eq. (21) are related
to the longitudinal part of the vector meson propagator, which is not taken into account in
the previous works.
If the potentials in Eqs. (13) and (15) and the loop function in Eq. (20) are substituted
into the Bethe-Salpeter equation, we would obtain
T˜ gµν = V˜ gµν + V˜ gµα gαβG˜ V˜ g
βν + ..., (22)
and thus
T˜ = V˜ + V˜ G˜V˜ + ...
= [1− V˜ G˜]−1V˜ . (23)
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The amplitude T˜ is unitary when the Bethe-Salpeter equation is solved.
In Ref. [48], where the interaction of the vector meson and the baryon decuplet is studied,
it is assumed that ε·ε∗ = −3, while the value of ε·ε∗ is set to be −1 in Refs. [49–51]. Anyway,
all these assumptions are reasonable. However, in Ref. [52], the polarization vectors ε and
ε′ in the potential of the vector meson and the baryon octet are replaced by their matrix
forms, and ε · ε∗ becomes a function of the scattering angle. Now it must be emphasized
that the treatment in Ref. [52] is not correct and it results in the resonance peaks generated
dynamically are all close to the real axis in the complex plane of the total energy
√
s in the
center of mass frame.
III. RESULTS
We found the results are not sensitive to the values of λ1, λ2 and λ3 in the V˜DD¯∗→DD¯∗
in Eq. (14) and V˜DD¯∗→pi0ψ in Eq. (16), so We choose λ1 = −1, λ2 = − 1fpi and λ3 = 1fpi in
the calculation. When the Bethe-Salpeter equation is solved, the value of the subtraction
constant in the loop function is fixed to be a = −2, while the regularization scale is chosen
to be µ = 500MeV. The real and imaginary parts of the DD¯∗ loop function are depicted
in Fig. 1, where the solid line denotes those of the loop function with the longitudinal
part of the vector meson propagator taken into account, and the dash line stands for the
original case that only the transversal part of the vector meson propagator is included. It
manifests that the real part of the loop function is only about half of the original values
when the longitudinal part of the vector meson propagator is taken into account. Moreover,
the imaginary part of the loop function above the threshold of DD¯∗ is less than that of the
original case.
The squared amplitudes |T˜ii|2 as functions of the total energy
√
s in the center of mass
frame are depicted in Fig. 2, where the cases of DD¯∗ → DD¯∗ and πψ → πψ are labeled
in the figure, respectively. A pole appears apparently in the region of 3900MeV. Actually,
this resonance state is generated dynamically at the position of 3876− i9MeV in the second
Riemann sheet of the complex energy plane of
√
s, and can be associated to the Zc(3900)
particle consistently. If the original form of the loop function in Eq. (17) is used in the
calculation, a pole would appear at 3876− i33MeV in the complex energy plane of √s, It is
apparent that the influence of the longitudinal part of the vector meson propagator is not
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important.
The couplings of this resonance state to DD¯∗ and πψ are listed in Table II. Apparently,
the resonance state couples strongly to DD¯∗.
gi |gi|
DD¯∗ 2.4 + i1.0 2.6
piψ 0.1− i0.4 0.4
TABLE II: Couplings of the resonance state to DD¯∗ and piψ in the isospin I = 1 sector.
IV. SUMMARY
According to the effective Lagrangian of the D meson, the D¯∗ meson, the J/ψ particle
and the π meson, the interaction between DD¯∗ and πψ is studied in the unitary coupled-
channel approximation. The loop function of the vector meson and the pseudoscalar meson
is calculated explicitly in the dimensional regularization scheme, and the longitudinal part
of the vector meson propagator is taken into account. Moreover, we think the polarization
vectors of the initial and final vector mesons should be eliminated in the kernel of the vector
meson and the pseudoscalar meson when the Bethe-Salpeter equation is solved. It means
that all out-lines in the Feynman diagrams should be cut off and only the vertex of the
vector meson- pseudoscalar meson interaction is necessary in the calculation. Furthermore,
it is proved that the unitarity is not broken in the calculation. In the isospin I = 1 sector, a
resonance state with a decay width about 20MeV is generated dynamically around 3900MeV.
This resonance state couples strongly to DD¯∗, and it is assumed that this state is associated
to the Zc(3900) particle in the PDG data.
Acknowledgments
We would like to thank Han-Qing Zheng, Jing-Long Pang and Qin-Rong Gong for useful
discussions.
8
Appendix
In the Appendix part, we will give an exact formula of H00ab (s) and H
11
ab (s) in Eq. (21).
We suppose
gµνH00ab (P
2) + P µP νH11ab (P
2) =
µ4−d
i
∫
ddk
(2π)d
kµkν
(k2 −M2a + iε)[(P − k)2 −M2b + iε]
, (24)
with P the total momentum of the system and µ the dimensional regularization scale.
In the d−dimension space, gµνgµν = d, and thus we can obtain
dH00ab (P
2) + P 2H11ab (P
2) = Ib +M
2
aHab(P
2), (25)
where
Ib =
µ4−d
i
∫
ddk
(2π)d
1
(k2 −M2b + iε)
= − M
2
b
16π2
(
R + ln
M2b
µ2
)
, (26)
with R = al(µ) + 1 and al(µ) the subtraction constant, and
Hab(P
2) =
µ4−d
i
∫
ddk
(2π)d
1
(k2 −M2a + iε)[(P − k)2 −M2b + iε]
. (27)
On the limit of d→ 4, Hab(P 2)→ −Gab(s).
Similarly, multiply Eq. (24) by P µP ν to obtain
P 2H00ab (P
2) + P 4H11ab (P
2) =
1
2
[P 2Ib − (P 2 +∆ab)P 2H1ab(P 2)], (28)
where
− P µH1ab(P 2) =
µ4−d
i
∫
ddk
(2π)d
kµ
(k2 −M2a + iε)[(P − k)2 −M2b + iε]
, (29)
and
H1ab(P
2) =
1
2P 2
[
Ia − Ib − (P 2 +∆ab)Hab(P 2)
]
, (30)
with ∆ab = M
2
a −M2b . The proof of Eq. (30)can be found in the appendix part of Ref. [53].
According to Eqs. (25) and (28), we can obtain
H00ab (s) =
1
12s
{(s+∆ab)Ia + (s−∆ab)Ib + [4sM2a − (s+∆ab)2]Hab(s)}
− 1
16π2
1
18
(s− 3Σab), (31)
and
H11ab (s) =
1
3s2
{−(s +∆ab)Ia + (2s+∆ab)Ib − [sM2a − (s+∆ab)2]Hab(s)}
+
1
16π2
1
18s
(s− 3Σab), (32)
9
with s = P 2 and Σab = M
2
a +M
2
b .
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FIG. 1: The real and imaginary parts of the loop function of DD¯∗ in Eq. (21) .vs. the total energy
√
s in the center of mass frame. The solid line denotes the case where the longitudinal propagator
of the vector meson is taken into account, and the dash line stands for the case where only the
transversal propagator of the vector meson is included.
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FIG. 2: The squared amplitudes as functions of the total energy
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s in the center of mass frame.
12
